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(57) ABSTRACT

A magnetic system for determining the location of a well-
bore component 1 a first string relative to a wellbore
component 1 a second string. The system includes a cir-
cumierentially distributed array of magnets positioned 1n the
first string that 1s operable to produce a magnetic field 1n the
wellbore proximate the location of the array of magnets. A
magnetic field detector 1s operably associated with the
second string and 1s operable to detect a magnetic signature
of the magnetic field. One of the first and second strings 1s
stationary within the wellbore. The other of the first and
second strings 1s moveable 1n the wellbore such that the
magnetic field detector 1s moveable relative to the magnetic
field and such that when the magnetic field detector 1dent-
fies the magnetic signature, the location of the array of
magnets 1s correlated with the magnetic field detector.
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MAGNETIC LOCATION DETERMINATION
IN A WELLBORE

The present application 1s a U.S. National Stage patent
application of International Patent Application No. PCT/
US2013/078493, filed on Dec. 31, 2013, the benefit of which
1s claimed and the disclosure of which 1s incorporated herein
by reference in its entirety.

TECHNICAL FIELD OF THE DISCLOSUR

(L]

This disclosure relates, 1n general, to equipment utilized
in conjunction with operations performed in relation to
subterrancan wells and, in particular, to magnetic systems
and methods for use 1n determining the location of a
wellbore component 1n a stationary wellbore string relative
to a wellbore component in a moveable wellbore string.

BACKGROUND

After drilling each section of a subterranean wellbore that
traverses one or more hydrocarbon bearing subterranean
formations, individual lengths of metal tubulars are typically
secured together to form a casing string that 1s positioned
within the wellbore. This casing string provides wellbore
stability to counteract the geomechanics of the formation
such as compaction forces, seismic forces and tectonic
forces, thereby preventing the collapse of the wellbore wall.
Conventionally, the casing string 1s cemented within the
wellbore. To produce fluids into the casing string, hydraulic
openings or perforations must be made through the casing
string and a distance into the formation. Following the
perforation process, a production tubing string may be
installed within the casing string such that fluid from the
producing intervals may be transported to the surface
therein.

Various downhole tools, such as tools for fluud flow
control, sand control and pressure containment, may also be
positioned 1n the wellbore. For example, such downhole
tools may be coupled within a production tubing string that
may be installed within the casing string or may be lowered
into the tubing string or casing string on a service string,
such as a jointed tubing, a coiled tubing and wireline or other
conveyance. For such downhole tools to perform their
intended functions, they must be positioned 1n the wellbore
at the proper depth. As such, knowledge of the precise
location of one wellbore string within or relative to another
wellbore string may be necessary when positioning tools
downhole. Determination of a true downhole depth mea-
surement, however, may be diflicult due to, for example,
inaccuracies in a depth reference log, elongation from ther-
mal effects, buckling, stretching or iriction effects, or other
unpredictable deformations 1n the length of wellbore strings.

After certain downhole tools have been positioned within
the wellbore, they may require actuation from a first oper-
ating state to a second operating state or require actuation
between various operating states. For example, a packer may
require actuation from an unset configuration to set configu-
ration, while a fluid flow control device may require actua-
tion between a closed configuration, a fully open configu-
ration and various choking configurations. When such an
actuation of a downhole tool 1s required, 1dentification of the
specific downhole tool to be actuated by 1ts depth 1n the well,
may be desirable.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the features and
advantages of the present disclosure, reference 1s now made
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to the detailed description along with the accompanying
figures 1 which corresponding numerals 1n the different

figures refer to corresponding parts and 1n which:

FIG. 1 1s a schematic illustration of a well system oper-
ating a magnetic system for location determination in a
wellbore according to an embodiment of the present disclo-
SUre;

FIG. 2A 1s a perspective view, partially in phantom, of a
magnetic sleeve for use 1n a magnetic system for location
determination in a wellbore according to an embodiment of
the present disclosure;

FIG. 2B 1s a graph of a magnetic signature obtained using
a magnetic system for location determination 1n a wellbore
according to an embodiment of the present disclosure;

FIG. 3A 1s a perspective view, partially in phantom, of a
magnetic sleeve for use 1 a magnetic system for location
determination 1n a wellbore according to an embodiment of
the present disclosure;

FIG. 3B 1s a graph of a magnetic signature obtained using,
a magnetic system for location determination in a wellbore
according to an embodiment of the present disclosure;

FIG. 4A 1s a perspective view, partially in phantom, of a
magnetic sleeve for use 1n a magnetic system for location
determination in a wellbore according to an embodiment of
the present disclosure;

FIG. 4B 1s a cross sectional view of a magnetic sleeve
having a magnetic field detector disposed therein for use in
a magnetic system for location determination in a wellbore
according to an embodiment of the present disclosure;

FIG. 4C 1s a graph of a magnetic signature obtained using,
a magnetic system for location determination in a wellbore
according to an embodiment of the present disclosure;

FIG. 4D 1s a graph of a magnetic signature obtained using,
a magnetic system for location determination in a wellbore
according to another embodiment of the present disclosure;

FIG. 5§ 1s a cross sectional view of a magnetic sleeve
having a magnetic field detector disposed therein for use in
a magnetic system for location determination 1n a wellbore
according to an embodiment of the present disclosure;

FIG. 6 1s a cross sectional view of a magnetic field
detector sleeve having a magnetic probe disposed therein for
use 1 a magnetic system for location determination in a
wellbore according to an embodiment of the present disclo-
SUre;

FIG. 7 1s a graph of a magnetic signature obtained using,
a magnetic system for location determination in a wellbore
according to an embodiment of the present disclosure;

FIG. 8 1s a graph of a magnetic signature obtained using,
a magnetic system for location determination in a wellbore
according to an embodiment of the present disclosure; and

FIG. 9 1s a graph of a magnetic signature obtained using
a magnetic system for location determination 1n a wellbore
according to an embodiment of the present disclosure.

DETAILED DESCRIPTION

While various system, method and other embodiments are
discussed 1n detail below, it should be appreciated that the
present disclosure provides many applicable inventive con-
cepts, which can be embodied in a wide variety of specific
contexts. The specific embodiments discussed herein are
merely illustrative, and do not delimit the scope of the
present disclosure.

In a first aspect, the present disclosure 1s directed to a
magnetic system for determining the location of a wellbore
component 1n a first string relative to a wellbore component
in a second string. The system includes a circumierentially
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distributed array of magnets positioned 1n the first string.
The array of magnets 1s operable to produce a magnetic field
in the wellbore proximate the location of the array of
magnets. A magnetic field detector 1s operably associated
with the second string and 1s operable to detect a magnetic
signature ol the magnetic field. One of the first and second
strings 1s stationary within the wellbore. The other of the first
and second strings 1s moveable 1n the wellbore such that the
magnetic field detector 1s moveable relative to the magnetic
field and such that when the magnetic field detector ident-
fies the magnetic signature, the location of the array of
magnets 1n the first string 1s correlated with the magnetic
field detector of the second string.

In one embodiment, the array of magnets 1s positioned in
the stationary string and the magnetic field detector 1s
operably associated with the moveable string. In another
embodiment, the array ol magnets 1s positioned 1n the
moveable string and the magnetic field detector 1s operably
associated with the stationary string. In some embodiments,
the array ol magnets may 1nclude an axially distributed array
of magnets. In certain embodiments, the magnetic signature
may 1nclude a digital address that may be generated by
circumierentially distributed magnets, axially distributed
magnets or both. In addition, the digital address may be
generated based upon at least one of magnetic field orien-
tation, magnetic field strength and magnet spacing of the
magnets 1n the array of magnets or may be generated based
upon changes in magnetic properties in the array of magnets.
In one embodiment, the magnetic field detector may include
at least two magnetic field detector elements each of which
1s operable to detect the magnetic signature. In another
embodiment, the magnetic field detector may include a
circumierentially distributed array of magnetic field detector
clements.

In a second aspect, the present disclosure 1s directed to a
magnetic system for determining the location of a wellbore
component 1n a first string relative to a wellbore component
in a second string. The system 1ncludes a circumierentially
distributed array of magnets positioned in the first string that
1s stationary within the wellbore. The array of magnets 1s
operable to produce a magnetic field 1n the wellbore proxi-
mate the location of the array of magnets. A magnetic field
detector 1s operably associated with the second string that 1s
moveable within the wellbore. The magnetic field detector 1s
operable to detect a magnetic signature including a digital
address of the magnetic field such that when the magnetic
field detector 1s moved through the magnetic field and
identifies the magnetic signature, the identity of the array of
magnets 1s determined and the location of the array of
magnets 1n the first string 1s correlated with the magnetic
field detector of the second string.

In a third aspect, the present disclosure 1s directed to a
method for determining the location of a wellbore compo-
nent 1n a first string relative to a wellbore component 1n a
second string. The method 1ncludes providing a circumier-
entially distributed array of magnets positioned in the first
string and a magnetic field detector operably associated with
the second string; positioning the first and second strings in
the wellbore, one of the first and second strings being
stationary within the wellbore, the other of the first and
second strings being moveable 1n the wellbore; producing a
magnetic field in the wellbore proximate the location of the
array ol magnets; moving the magnetic field detector rela-
tive to the magnetic field; detecting a magnetic signature of
the magnetic field; and correlating the location of the array
of magnets in the first string with the magnetic field detector
of the second string.
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The method may also include fixing the first string with
the array of magnets 1n the wellbore and moving the second
string with the magnetic field detector 1n the wellbore; fixing
the second string with the magnetic field detector in the
wellbore and moving the first string with the array of
magnets 1n the wellbore; producing at least a portion of the
magnetic field with an axially distributed array of magnets;
generating a digital address; generating the digital address
with circumierentially distributed magnets; generating the
digital address with axially distributed magnets; generating
a digital address based upon at least one of magnetic field
orientation, magnetic field strength and magnet spacing of
the magnets 1n the array ol magnets; generating a digital
address based upon changes in magnetic properties in the
array ol magnets; detecting the magnetic signature with at
least two magnetic field detector elements and/or detecting
the magnetic signature with an array of circumiferentially
distributed magnetic field detector elements.

FIG. 1 1s a schematic illustration of a well system 10
operating a magnetic system for location determination 1n a
wellbore according to an embodiment of the present disclo-
sure. In the illustrated embodiment, wellbore 12 extends
through the various earth strata including a hydrocarbon
bearing subterranean formation 14. Wellbore 12 has a casing
string 16 secured therein by cement 18. To produce fluids
into wellbore 12 from formation 14, hydraulic openings or
perforations must be made through casing string 16. In the
illustrated embodiment, a tubing conveyed perforating appa-
ratus 20 1s being lowered 1nto wellbore 12 on a service string
22 such as a jomned tubing, a coiled tubing, a wireline or
other conveyance. In order to assure that the perforations are
made 1n the desired location through casing string 16 and
into formation 14, the magnetic system for location deter-
mination 1 a wellbore of the present disclosure 1s being
used.

In the 1llustrated embodiment, magnetic sleeves 100, 200
are positioned 1n casing string 16 and service string 22
includes a magnetic field detector 24. When magnetic field
detector 24 1s moved through the magnetic fields produced
by magnetic sleeves 100, 200, the respective magnetic
signatures of the magnetic fields produced by magnetic
sleeves 100, 200 are detected by magnetic field detector 24.
The magnetic signature information may be sent to the
surface using a wired or wireless communication protocol or
may be stored i memory associated with magnetic field
detector 24. The magnetic signature information 1s then used
to correlate the location of magnetic field detector 24
relative to the location of magnetic sleeves 100, 200 such
that a precise location for detonation of perforating appara-
tus 20 can be established. In this manner, the location of a
wellbore component 1n a first string, in this case the arrays
of magnetic sleeves 100, 200 1n casing string 16, can be
correlated to the location of a wellbore component in a
second string, in this case magnetic field detector 24 1n
service string 22.

Referring additionally to FIG. 2A, magnetic sleeve 100
has an annular body 102 preferably formed from a non-
magnetic material such as metal, plastic, ceramic or other
suitable material. An array of magnets 104 may be disposed
entirely within annular body 102 or may have an exposed
surface that preferably comncides with the inner diameter 106
of annular body 102. In the 1llustrated embodiment, array of
magnets 104 can be described as having a plurality of
circumierentially distributed rows of axially distributed
magnets, 1 this case, twenty circumierentially distributed
rows, wherein one circumierential row 1ncludes magnets
108, 112, 116 and another circumferential row 1includes
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magnets 110, 114, 118. Alternatively or additionally, array of
magnets 104 can be described as having a plurality of axial
layers of circumierentially distributed magnets, 1n this case,
three axial layers, wherein one axial layer includes magnets
108, 110, another axial layer include magnets 112, 114 and
a further axial layer includes magnets 116, 118. As such,
array of magnets 104 can be said to include both axially
distributed arrays of magnets and circumierentially distrib-
uted arrays of magnets. Depend upon factors such as the
magnetic field orientation, magnetic strength, size, shape
and the material of each magnet, array of magnets 104 will
produce a particular magnetic field. For example, regarding,
magnetic field orientation, the magnets may have N-S polar-
ity, as illustrated, 1n the axial direction of the wellbore.
Alternatively, the N-S polarity may be 1n the circumierential
direction of the wellbore, 1n the radial direction of the
wellbore or 1n some combination of the axial, radial and
circumierential directions of the wellbore.

The signature of this magnetic field can be detected using,
for example, magnetic field detector 24 when 1t 1s run
downhole into magnetic communication with the magnetic
field. In the 1llustrated embodiment of FIG. 1, magnetic field
detector 24 1includes two magnetic field detector elements or
sensors 26, 28, each of which 1s operable to independently
detect the signature of the magnetic field. For example,
magnetic field detector elements 26, 28 may be Hall-Effect
sensors that have an output proportional to the change 1n flux
density of the magnetic field and are sensitive to the polarity
of the magnetic field. Alternatively, magnetic field detector
clements 26, 28 may be other types ol magnetic field sensors
including, for example, giant magnetoresistance (GMR)
sensors, biased GMR sensors or other suitable magnetic
ficld sensors. Referring again to FIG. 2A, each of the
magnets 1n each of the axial layers of magnets has the same
polarity. For example, magnets 108, 110 of the axial layer to
the right are oriented as N-S polarnty. Similarly, magnets
112, 114 of the axial layer to the center are oriented as S-N
polarity. Likewise, magnets 116, 118 of the axial layer to the
left are oriented as N-S polarity. Having the magnets ori-
ented 1n this manner allows for the use of a magnetic field
detector having a single magnetic field detector element or
multiple magnetic field detector elements located along a
single circumierential position on the magnetic field detector
such as the depicted magnetic field detector 24.

In this configuration of magnets, when magnetic field
detector 24 1s moved in the downhole direction through the
magnetic field generated by array of magnets 104 1n FIG.
2A, each of the magnetic field detector elements 26, 28 may
detect a magnetic signature similar to that depicted 1n FIG.
2B. In the graph, the vertical scale represents a magnetic
field detector element output and the horizontal scale rep-
resents a magnetic field detector element position. Point A
represents the position when a magnetic field detector ele-
ment, such as element 28, first detects the magnetic field
generated by a magnet or magnets in the axial layer to the
right, such as magnet 108, which represents the magnet that
1s circumierentially aligned with element 28 as element 28
1s moved through the magnetic field. Point B represents the
position when element 28 1s centered relative to magnet 108.
Point C represents the position when element 28 1s centered
between magnets 108, 112. Point D represents the position
when element 28 1s centered relative to magnet 112. Point E
represents the position when element 28 1s centered between
magnets 112, 116. Point F represents the position when
clement 28 1s centered relative to magnet 116. Point G
represents the position when element 28 i1s leaving the
magnetic field generated by magnet 116. A similar magnetic
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signature would be detected 11 magnetic field detector 24
were moved 1n the uphole direction through the magnetic
field generated by array of magnets 104 in FIG. 2A. In this
example, the magnetic signature of magnetic sleeve 100
detected by magnetic field detector 24 when magnetic field
detector 24 1s moving 1n the downhole direction may be
referred to as the digital address of (1, -1, 1). Likewise, the
magnetic signature ol magnetic sleeve 100 detected by
magnetic field detector 24 when magnetic field detector 24
1s moving in the uphole direction may be referred to as the
digital address of (1, —1, 1). Thus, when magnetic field
detector 24 reads a digital address of (1, -1, 1) 1n a detected
magnetic signature, the location of magnetic field detector
24 1 service string 22 corresponds to the location of
magnetic sleeve 100 1n casing string 16.

Referring additionally now to FIG. 3A, magnetic sleeve
200 has an annular body 202 preferably formed from a
non-magnetic material such as metal, plastic, ceramic or
other suitable material. An array of magnets 204 1s disposed
entirely within annular body 202 or may have an exposed
surface that preferably coincides with the inner diameter 206
of annular body 202. In the 1llustrated embodiment, array of
magnets 204 can be described as having a plurality of
circumierentially distributed rows of axially distributed
magnets, 1 this case, twenty circumierentially distributed
rows, wherein one circumierential row includes magnets
208, 212, 216 and another circumierential row includes
magnets 210, 214, 218. Alternatively or additionally, array
of magnets 204 can be described as having a plurality of
axial layers of circumierentially distributed magnets, 1n this
case, three axial layers, wherein one axial layer includes
magnets 208, 210, another axial layer include magnets 212,
214 and a further axial layer includes magnets 216, 218. As
such, array of magnets 204 includes both axially distributed
arrays of magnets and circumierentially distributed arrays of
magnets.

Depend upon factors such as the magnetic field orienta-
tion, magnetic strength, size, shape and the material of each
magnet, array ol magnets 204 will produce a particular
magnetic field. For example, each of the magnets in each of
the axial layers of magnets has the same polarity. In this
case, magnets 208, 210 of the axial layer to the right are
oriented as N-S polarnity. Similarly, magnets 212, 214 of the
axial layer to the center are oriented as N-S polarity.
Likewise, magnets 216, 218 of the axial layer to the left are
oriented as N-S polanty. In this configuration of magnets,
when magnetic field detector 24 1s moved 1n the downhole
direction through the magnetic ficld generated by array of
magnets 204 1n FIG. 3A, each of the magnetic field detector
clements 26, 28 may detect a magnetic signature similar to
that depicted in FIG. 3B. In the graph, the vertical scale
represents a magnetic field detector element output and the
horizontal scale represents a magnetic field detector element
position. Point A represents the position when element 28
first detects the magnetic field generated by magnet 208.
Point B represents the position when element 28 1s centered
relative to magnet 208. Point C represents the position when
clement 28 1s centered between magnets 208, 212. Point D
represents the position when element 28 1s centered relative
to magnet 212. Point E represents the position when element
28 15 centered between magnets 212, 216. Point F represents
the position when element 28 1s centered relative to magnet
216. Point G represents the position when element 28 1is
leaving the magnetic field generated by magnet 216. A
similar magnetic signature would be detected 1f magnetic
field detector 28 were moved 1n the uphole direction through
the magnetic field generated by array of magnets 204. In this
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example, the magnetic signature of magnetic sleeve 200
detected by magnetic field detector 24 when magnetic field
detector 24 1s moving 1n the downhole direction may be
referred to as the digital address of (1, 1, 1). Likewise, the
magnetic signature ol magnetic sleeve 200 detected by
magnetic field detector 24 when magnetic field detector 24
1s moving in the uphole direction may be referred to as the
digital address of (1, 1, 1). Thus, when magnetic field
detector 24 reads a digital address of (1, 1, 1) 1n a detected
magnetic signature, the location of magnetic field detector
24 1n service string 22 corresponds to the location of
magnetic sleeve 200 1n casing string 16.

By comparing the detected magnetic signatures depicted
in FIGS. 2B and 3B, 1t can be seen that magnetic sleeves
100, 200 have unique digital addresses; namely, (1, -1, 1)
and (1, 1, 1). Using three axial layers of magnets i each
magnetic sleeve yields eight unique addresses. If additional
unique addresses are required, additional axial layers of
magnets can be added to the magnetic sleeves. If it 1s
desirable to be able to 1dentily the direction of movement of
magnetic field detector 24 relative to magnetic sleeves 100,
200, the uphole axial layer of each array of magnets could
yield (-1) while the downhole axial layer of each array of
magnets could yield (1). In such an embodiment, the axial
layers of each array of magnets between the uphole axial
layer and the downhole axial layer would provide the unique
digital addresses. In this example, for magnetic sleeves
yielding the same digital address as magnetic sleeves 100,
200, the magnetic signatures would be (-1, 1, -1, 1, 1) and
(-1, 1,1, 1, 1), respectively, if detected by a magnetic field
detector 24 moving 1n the downhole direction. Likewise, the
magnetic signatures would be (1, 1, -1, 1, -1) and (1, 1, 1,
1, -1), respectively, if detected by a magnetic field detector
24 moving in the uphole direction.

Instead of having each magnetic field detector element 26,
28 independently detect the magnetic signatures, magnetic
ficld detector elements 26, 28 could alternatively be used
together to sense the magnetic field generated by each
magnet differentially. Use of this differential sensing tech-
nique makes the magnetic system for location determination
in a wellbore of the present disclosure less sensitive to stray
magnetic fields, however, more axial layers of magnets are
required to yield the same bits of information.

Even though FIG. 1 depicts the disclosed system in a
cased hole environment, 1t should be understood by those
skilled 1n the art that the disclosed system 1s equally well
suited for use in open hole wells. In addition, even though
FIG. 1 depicts the system 1n a vertical wellbore, 1t should be
understood by those skilled 1n the art that the disclosed
system 1s equally well suited for use in wells having other
directional configurations including horizontal wells, devi-
ated wells, slanted wells, multilateral wells and the like.
Accordingly, 1t should be understood by those skilled 1n the
art that the use of directional terms such as above, below,
upper, lower, upward, downward, left, right, uphole, down-
hole and the like are used in relation to the illustrative
embodiments as they are depicted 1n the figures, the upward
direction being toward the top of the corresponding figure
and the downward direction being toward the bottom of the
corresponding figure, the uphole direction being toward the
surface of the well and the downhole direction being toward
the toe of the well.

FI1G. 4 A depicts another embodiment of a magnetic sleeve
250 for use 1n a magnetic system for location determination
in a wellbore. Magnetic sleeve 250 has an annular body 252
preferably formed from a non-magnetic material such as
metal, plastic, ceramic or other suitable material. An array of
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magnets 254 1s disposed entirely within annular body 252 or
may have an exposed surface that preferably coincides with
the inner diameter 256 of annular body 252. In the illustrated
embodiment, array of magnets 254 can be described as a
circumierentially distributed array of magnets, 1n the case
twelve magnets, including magnets 2358, 260 and an axially
distributed array of magnets, 1n this case two magnets,
including magnets 262, 258. As best seen 1 FIG. 4B, a
magnetic field detector 266 preferably includes at least one
circumierentially distributed array of magnetic field detector
clements 268 that preferably corresponds in number with the
number of magnets 1n the circumierentially distributed array
of magnets, in this case twelve elements 268. In this manner,
there 1s one-to-one correspondence between the magnetic
field detector elements 268 and the magnets in the circum-
terentially distributed array of magnets. It should be under-
stood by those skilled in the art that ratios other than
one-to-one between the elements 268 and the magnets 1n
array ol magnets 234 are possible and are considered to be
within the scope of the present disclosure.

In the 1llustrated embodiment, when magnetic field detec-
tor 266 1s moved in the downhole direction through the
magnetic field generated by array of magnets 254, at least
one of the magnetic field detector elements, in this case
clement 270, may detect a magnetic signature similar to that
depicted 1n FIG. 4C when element 270 detects the magnetic
field generated by magnet 262. In the graph, the vertical
scale represents a magnetic field detector element output and
the horizontal scale represents which magnetic field detector
clement 1s making the reading. In the illustrated embodi-
ment, element 270 becomes element 1 on the horizontal
scale as element 270 was the element to make the reading
associated with magnet 262. Thereafter, each of the mag-
netic field detector elements 268 would read a magnetic field
generated by at least one of the magnets 1n the circumfier-
ential array. These readings could be represented by the
graph 1n FI1G. 4D, wherein a S-N polarity registers as (1) and
a N-S polarity registers as (-1). The detected magnetic
signature generated by the circumierential array provides a
umque digital address. Using twelve magnets 1n the circum-
ferential array and twelve detector elements yields 4,096
umique addresses.

Alternatively, mstead of using a circumierential array of
detector elements, a magnetic field detector having a single
magnetic field detector element or multiple magnetic field
detector elements located along a single circumierential
position on the magnetic field detector could be used. As
best seen m FIG. 5, magnetic field detector 280 having a
single magnetic field detector element 282 1s positioned
within magnetic sleeve 250. In this embodiment, the mag-
netic signature generated by the circumierentially distrib-
uted portion of array of magnets 254 may be read by rotating
magnetic field detector element 282 relative to magnetic
field detector 280 or by rotating magnetic field detector 280
relative to array ol magnets 254.

As another alternative, instead of having the array of
magnets 1 the wellbore string that 1s stationary to the
wellbore and having the magnetic field detector associated
with the moveable string, the array of magnets could be in
the moveable string and the magnetic field detector could be
associated with the stationary string. For example, as best
seen 1n F1G. 6, a detector sleeve 300 has an annular body 302
that may be disposed within a casing string 1n a manner
similar to magnetic sleeves 100, 200 in casing string 16. An
array ol magnetic field detector elements 304 1s positioned
within annular body 302. In the illustrated embodiment,
array ol magnetic field detector elements 304 can be
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described as a circumierentially distributed array of mag-
netic field detector elements, 1n the case twelve magnetic
field detector elements 304. Also seen in FIG. 6, a magnetic
probe 306, which may by carried on a service string such as
service string 22, preferably includes at least one circum-
terentially distributed array of magnetic 308 that preferably
corresponds 1in number with the number of magnetic field
detector elements 304, 1n this case twelve magnetic 308. In
this manner, there 1s one-to-one correspondence between the
magnetic field detector elements and the magnets, however,
it should be understood by those skilled in the art that ratios
other than one-to-one are possible and are considered to be
within the scope of the present disclosure, for example,
detector sleeve 300 could include only a single magnetic
field detector element or multiple magnetic field detector
clements having the same circumierential orientation. In the
illustrated embodiment, when magnetic probe 306 1s moved
in the downhole direction through detector sleeve 300, each
of the magnetic ficld detector elements 304 would read a
magnetic field generated by at least one of the magnets 308.
This magnetic signature information may be sent to the
surface using a wired or wireless communication protocol.
In this manner, the location of a wellbore component 1n a
first string, 1n this case detector sleeve 300 1n casing string
16, can be correlated to the location of a wellbore compo-
nent 1n a second string, in this case magnetic probe 306
carried by service string 22.

In addition or as an alternative to magnetic field orienta-
tion, other factors can be used to generate unique digital
addresses using magnetic signatures of the present disclo-
sure. For example, as best seen 1n FIG. 7, the strength of
certain magnets i1n the array of magnets can be used to
produce a particular magnetic signature. In this case, the
magnets of the axial layer to the right would be oriented as
N-S polarity and have a strength that 1s greater than the
strength of the other magnets 1n the array, represented by 2
in the graph. The magnets of the axial layer to the center
would be oriented as S-N polarity and the magnets of the
axial layer to the left would be oriented as N-S polanty. In
this configuration of magnets, when magnetic field detector
24 1s moved 1 the downhole direction through the magnetic
field generated by this array of magnets, each of the mag-
netic field detector elements 26, 28 may detect a magnetic
signature similar to that depicted in FIG. 7. In the graph, the
vertical scale represents a magnetic field detector element
output and the horizontal scale represents a magnetic field
detector element position. In this example, the magnetic
signature detected by magnetic field detector 24 when
magnetic field detector 24 1s moving in the downhole
direction may be referred to as the digital address of (2, -1,
1). By comparing the detected magnetic signatures depicted
in FIGS. 2B and 7, 1t can be seen that magnetic sleeves
generating these signatures would have umque digital
addresses; namely, (1, -1, 1) and (2, -1, 1). In this manner,
the strength of certain magnets 1n the array of magnets can
be used to produce unique digital addresses.

In another example, as best seen 1n FIG. 8, the magnet
spacing ol certain magnets in the array of magnets can be
used to produce a particular magnetic signature. In this case,
the magnets of the axial layer to the right would be oriented
as N-S polanty. The axial layer to the center represents a
large gap or a region with no magnets and the magnets of the
axial layer to the left would be oriented as N-S polanty. In
this configuration of magnets, when magnetic field detector
24 1s moved 1n the downhole direction through the magnetic
field generated by this array of magnets, each of the mag-
netic field detector elements 26, 28 may detect a magnetic
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signature similar to that depicted i FIG. 8. In the graph, the
vertical scale represents a magnetic field detector element
output and the horizontal scale represents a magnetic field
detector element position. In this example, the magnetic
signature detected by magnetic field detector 24 when
magnetic field detector 24 1s moving in the downhole
direction may be referred to as the digital address of (1, O,
1). By comparing the detected magnetic signatures depicted
in FIGS. 2B and 8, 1t can be seen that magnetic sleeves
generating these signatures would have unique digital
addresses; namely, (1, -1, 1)and (1, 0, 1). In this manner, the
magnet spacing of certain magnets in the array of magnets
can be used to produce unique digital addresses.

In a turther example, a change 1n magnetic field orienta-
tion, change in magnetic field strength or change in other
magnetic factor can be used to generate unique digital
addresses. As best seen 1n FI1G. 9, the arrays of magnets used
to generate the 1llustrated magnetic signature includes seven
axial layers 1n an array of magnets similar to that shown 1n
FIG. 2A with the following polarities: N-S, S-N, N-S, N-§S,
S-N, S-N and N-S. In this configuration of magnets, when
magnetic field detector 24 1s moved 1n the downhole direc-
tion through the magnetic field generated by this array of
magnets, each of the magnetic field detector elements 26, 28
may detect a magnetic signature similar to that depicted in
FIG. 9. In the graph, the vertical scale represents a magnetic
field detector element output and the horizontal scale rep-
resents a magnetic field detector element position. In this
example, the change 1n magnetic field orientation 1s used to
generate the digital address o1 (1, 1,0, 1, 0, 1) wherein a “1”
1s generated each time the polarity changes between axial
layers and a “0” 1s generated each time the polarity stays the
same between axial layers. In this method of generating
digital addresses, N+1 axial layers are needed to generate an
N digit digital address, 1n this case seven axial layers for a
s1x digit address. Similar unique digital addresses could be
generated by an array of circumierentially distributed mag-
nets, 1n an array similar to that shown in FIG. 4A that 1s read
by a magnetic field detector similar to magnetic field detec-
tor 266 described above. For example, such a digital address
generated by the magnetic signature 1in FIG. 4D would be (0,
1,0,1,1, 1, 0, 1, 1, O, 1). In this manner, the change 1n
magnetic field orientation, change in magnetic field strength
or change 1n other magnetic property can be used to produce
unmique digital addresses.

It should be understood by those skilled 1n the art that the
illustrative embodiments described herein are not intended
to be construed 1n a limiting sense. Various modifications
and combinations of the i1llustrative embodiments as well as
other embodiments will be apparent to persons skilled 1n the
art upon reference to this disclosure. It 1s, therefore, intended
that the appended claims encompass any such modifications
or embodiments.

What 1s claimed 1s:

1. A magnetic system for determining the location of a
wellbore component 1n a first string relative to a wellbore
component 1n a second string, the system comprising:

a plurality of circumierentially distributed arrays of mag-
nets positioned 1n the first string, the arrays of magnets
cach operable to produce a magnetic field in the well-
bore proximate the location of the array of magnets,
wherein each of the magnetic fields defines a magnetic
signature, and wherein each magnetic signature com-
prises a unique digital address; and

a magnetic field detector operably associated with the
second string and operable to detect the magnetic
signature ol each of the magnetic fields, the magnetic
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signatures being based on the magnetic field orientation
of the magnets 1n the respective array;

wherein, one of the first and second strings 1s stationary
within the wellbore; and

wherein, the other of the first and second strings 1s
moveable 1n the wellbore such that the magnetic field
detector 1s moveable relative to each of the magnetic
fields and such that when the magnetic field detector
identifies one of the magnetic signatures, the identity of
the array of magnets 1s determined among the plurality
of arrays of magnets from the unique digital address
and the location of the 1dentified array of magnets in the
first string 1s correlated with the magnetic field detector
of the second string.

2. The system as recited in claim 1 wherein the arrays of
magnets are positioned 1n the stationary string and the
magnetic field detector 1s operably associated with the
moveable string.

3. The system as recited in claim 1 wherein the arrays of
magnets are positioned i the moveable string and the
magnetic field detector 1s operably associated with the
stationary string.

4. The system as recited in claim 1 wherein the arrays of
magnets further comprise an axially distributed array of
magnets.

5. The system as recited 1n claim 1 wherein the digital
addresses are generated based upon at least one of magnetic
field orientation, magnetic field strength and magnet spacing
of the magnets 1n the respective array ol magnets.

6. The system as recited in claim 5 wherein the digital
addresses are generated based upon changes in magnetic
properties ol the magnets 1n the respective array ol magnets.

7. The system as recited 1n claim 1 wherein the magnetic
field detector further comprises at least two magnetic field
detector elements each operable to detect the magnetic
signatures.

8. The system as recited 1n claim 1 wherein the magnetic
field detector further comprises a circumierentially distrib-
uted array of magnetic field detector elements.

9. A magnetic system for determining the location of a
wellbore component 1n a first string relative to a wellbore
component 1n a second string, the system comprising:

a circumierentially distributed array of magnets posi-
tioned 1n the first string that 1s stationary within the
wellbore, the array of magnets operable to produce a
magnetic field in the wellbore proximate the location of
the array of magnets; and

a magnetic field detector operably associated with the
second string that 1s moveable within the wellbore, the
magnetic field detector operable to detect a magnetic
signature of the magnetic field, the magnetic signature
being based upon the magnetic field orientation of the
magnets 1n the array, and the magnetic signature includ-
ing a digital address that uniquely 1dentifies the array of
magnets among a plurality of arrays of magnets in the
wellbore;

wherein, when the magnetic field detector 1s moved
through the magnetic field and identifies the magnetic
signature, the identity of the array of magnets 1s deter-
mined from the digital address and the location of the
array of magnets 1n the first string 1s correlated with the
magnetic field detector of the second string.
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10. The system as recited 1in claim 9 wherein the digital
address 1s generated based upon at least one of magnetic
field strength and magnet spacing of the magnets 1n the array
ol magnets.
11. The system as recited in claim 9 wherein the digital
address 1s generated based upon changes 1n magnetic prop-
erties of the magnets 1n the array of magnets.
12. A magnetic method for determining the location of a
wellbore component 1n a first string relative to a wellbore
component 1n a second string, the method comprising;:
providing a circumierentially distributed array of magnets
positioned 1n the first string and a magnetic field
detector operably associated with the second string;

positioning the first and second strings in the wellbore,
one of the first and second strings being stationary
within the wellbore, the other of the first and second
strings being moveable 1n the wellbore;

producing a magnetic field 1n the wellbore proximate the

location of the array of magnets; moving the magnetic
field detector relative to the magnetic field;

detecting a magnetic signature of the magnetic field, the

magnetic signature being based upon the magnetic field
orientation of the magnets 1n the array;
determining an 1dentity of the array of magnets among a
plurality of arrays of magnets in the wellbore from a
unique digital address of the magnetic signature; and

correlating the location of the array of magnets 1n the first
string with the magnetic field detector of the second
string.

13. The method as recited 1n claim 12 wherein positioning
the first and second strings 1n the wellbore further compris-
ing fixing the first string with the array of magnets 1n the
wellbore and moving the second string with the magnetic
field detector 1n the wellbore.

14. The method as recited 1n claim 12 wherein positioning
the first and second strings 1n the wellbore further compris-
ing fixing the second string with the magnetic field detector
in the wellbore and moving the first string with the array of
magnets i1n the wellbore.

15. The method as recited 1n claim 12 wherein producing
the magnetic field 1 the wellbore at the location of the array
of magnets further comprises producing at least a portion of
the magnetic field with an axially distributed array of
magnets.

16. The method as recited 1n claim 12 wherein producing
the magnetic field 1 the wellbore at the location of the array
of magnets further comprises generating the digital address
based upon at least one of magnetic field orientation, mag-
netic field strength and magnet spacing of the magnets in the
array ol magnets.

17. The method as recited 1n claim 12 wherein producing
the magnetic field i the wellbore at the location of the array
of magnets further comprises generating the digital address
based upon changes 1n magnetic properties of the magnets in
the array ol magnets.

18. The method as recited 1n claim 12 wherein detecting
the magnetic signature further comprises detecting the mag-
netic signature with at least two magnetic field detector
clements.

19. The method as recited 1n claim 12 wherein detecting
the magnetic signature further comprises detecting the mag-
netic signature with an array of circumierentially distributed
magnetic field detector elements.
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